The European method for mapping lichen diversity (LDV) as an indicator of environmental stress/quality in the Czech Republic was evaluated to determine its applicability in this country. A modified Hawksworth & Rose qualitative scale for determining air pollution levels was used for comparative purposes. The study was undertaken in a partially forested and reasonably polluted region of the Bohemian Karst in central Bohemia during 2003. Measurements obtained by the LDV method yielded values in the range 18-65; measurements obtained by the modified Hawksworth & Rose method indicated zones 4-7, with a high correlation with the LDV results. The LDV method proved to be applicable in the region, but its implementation may be limited by the lack of suitable trees and specific landscape ecology.
Introduction
Lichens are extremely sensitive to environmental stress, especially to atmospheric pollution, but also eutrophication, and climate change (e.g. Richardson 1992; Nimis et al. 2002) . Since the 1970s, several biomonitoring methods using lichen diversity have been described and frequently applied in many countries to assess pollution levels caused mainly by gaseous substances, such as the zonal scale of Hawksworth & Rose (1970) , the IAP method of Leblanc & DeSloover (1970) and the VDI (1997) method. Lichens are also sensitive to other types of environmental alteration, such as eutrophication (e.g. see Van Dobben & De Bakker 1996; Van Herk 2002; Seaward & Coppins 2004) or changes in global environmental condition, e.g. forest management (Mc-Cune 2000) .
The method of Hawksworth & Rose (1970) is based on the determination of zones with selected epiphytic lichens (on two different kinds of tree bark) that relate to levels of sulphur dioxide pollution: zones 0 (strong pollution) to 10 (clean air). This method was widely adopted in many countries owing to its relative simplicity (Delzenne-Van Haluwyn 1973; Lerond 1981; Déruelle 1983; Belandria & Asta 1986; Richardson 1992; Liška 1997) .
With the progressive reduction in acid pollution, some authors observed certain shifts between the original scale of Hawksworth & Rose (1970) and the real concentrations of sulphur dioxide; for example, Richardson (1988) and Van Dobben (1996) detected that the maximal concentrations of the original method were too high and new lichen assemblages were frequently de-tected in formerly polluted areas (Seaward & Letrouit-Galinou 1991; Letrouit-Galinou et al. 1992; Seaward 1993) . Since sulphur dioxide levels are now decreasing in many countries and levels of other pollutants (e.g. nitrogen oxides) are increasing, several authors have modified the original scale (Belandria & Asta 1986; Seaward 1989; Svoboda 2002) , as it has been necessary in the present study.
A quantitative approach, employing a mathematical calculation to evaluate the level of pollution, considers several parameters affecting the epiphytic lichen flora. The exact concentration of a certain pollutant is not concerned, the lichens serving as indicators of global environmental quality (Gombert 1999) . Probably the best known is the Index of Atmospheric Purity (IAP) approach (Leblanc & De Sloover 1970) , which is based on several parameters (total number of species in station, frequency of species, etc.). Since this method is slightly uncertain in interpretation of some parameters, several authors improved it, particularly in respect of standardization (Herzig et al. 1987; VDI 1995; Nimis 1999) . Many authors demonstrated that low IAP values are indicative of highly polluted areas (Liebendorfer et al. 1988; Gasparo et al. 1989; Herzig 1990; Herzig & Urech 1991; Nimis et al. 2002) , traffic proximity (Stringer & Stringer 1974; Loppi & Corsini 1995; Loppi et al. 1996; Lackovičová & Kontrišová 1998) or contamination by toxic elements (Loppi et al. 1992 ). On the other hand, rather high IAP values have been found close to incinerators (Stringer & Stringer 1974) mainly because of nitrophyte lichen assemblages.
Over the last decade, new techniques, particularly the European method for mapping lichen diversity c 2007 Institute of Botany, Slovak Academy of Sciences European method for mapping lichen diversity 425 (LDV) as an indicator of environmental stress/quality (Asta et al. 2002) , have been developed. This LDV method is based on the fact that the epiphytic lichen diversity is impaired by air pollution and environmental stress. The frequency of occurrence of species on a defined portion of a tree trunk is used as an estimate of diversity, and as a parameter to estimate the degree of environmental stress (Asta et al. 2002) . The application of the LDV method has been successfully tested in some European countries (e.g. Larsen et al. 2004; Pinho et al. 2004; Giordani 2006) , but so far it has not been tested in Central Europe with slightly different landscape types and more oceanic condition from cited studies. For this reason, the Bohemian Karst region, a typical, rather polluted landscape in Central Bohemia, was chosen as a test site and a modified Hawksworth & Rose (1970) method was also applied to provide comparative results.
Material and methods

Study area
The Protected Landscape Area Bohemian Karst (CHKO Český kras) is located in central Bohemia in a temperate zone SW of Prague. The study area of ca 40 km 2 (ca 8 × 5 km) was chosen. The central part of the region is mostly characterized by forested hills (up to 450 m a.s.l.) with limestone and basaltic ecosystems, surrounded by fields and meadows, mainly near settlements. The Berounka river crosses the region, creating a canyon with occasional rocky slopes and ravines. Mean annual precipitation is ca. 500 mm and mean annual temperature is 9.4 • C, with winter and summer averages of −9 • C and 19.1 • C, respectively (data supplied by the Czech Hydro-meteorological Institute, Prague). Prevailing winds are from the south-west. The valley, with an electrified railway passing through it, is densely populated, the largest urban agglomeration being Beroun (18 000 inhabitants) on the western edge of the Bohemian Karst; the rest of the municipalities are of medium or small size.
The region is now rather polluted, but pollutant concentrations were higher in the past decades owing to more intensive heavy industry and mining (limestone quarries, cement factories). The following representative data were supplied from the meteorological stations near to Beroun (urban and peripheral stations) that are the closest to the study area: during the 1980s the average winter concentrations of SO2 were ca. 40 µg m −3 and the present level is 15 µg m −3 . From 1984 to 2002, the NOX levels have been rather similar at about 20-30 µg m −3 , and winter averages of CO, measured only at one urban station (Beroun centre), was 1416 µg m −3 in 1995 and 880 µg m −3 in 1999. A similar decrease in suspended particulate matter (SPM) was also observed, with 130 µg m −3 in 1983 compared to 39 µg m −3 in 2002 (data supplied by Czech Hydro-meteorological Institute, Prague).
Applied Methods
The study area was divided into 43 sampling plots (Figs 1,2), each 1 × 1 km plot being sampled according to Asta et al. (2002) and to a modified Hawksworth & Rose (1970) scale. Lichens were determined in situ or in the laboratory using conventional techniques. The results (LDV classes and zones) were plotted onto a map and the data were processed, and hypotheses tested, using the statistical programs NCSS and Systat.
The Lichen Diversity Value (LDV) method
For this method, the frequency of lichens in quadrate segments, positioned on four cardinal points of the selected tree, was determined. LDV measurements were normally taken on 4 trees (or a minimum of 3) at 1.5 m from the base of a trunk in each sampling plot, the tree selection was made according to the recommendations of Asta et al. (2002) . All lichen species present within each quadrate segment are recorded using a sampling grid and the frequency of occurrence of each species in the 5 squares (10 × 10 cm) of each quadrate segment is noted. The LDV is calculated in two steps to determine firstly the sums of frequencies of each cardinal point on the trunks of sampled trees. The LDV of a sampling plot is the sum of the arithmetic means of sums of frequencies (Asta et al. 2002) .
LDVs are grouped into 5 classes, which were elaborated using maximal and minimal LDVs taken from the study area and with reference to LDVs taken from a precedent study in France -(LDVs in the range 65-125) (Svoboda 2002) and LDVs taken from selected (sub)natural sites with low pollution levels in the Czech Republic (LDVs in the range 45-67). None of the sites in the Czech Republic could be considered as unpolluted, therefore classes were created wider and maximum of LD values was only estimated (see Loppi et al. 2002) .
The modified Hawksworth & Rose method
The modified scale used for this study (Table 1) is based on the scales developed by Belandria & Asta (1986) and Liška (1997) ; the categories are not connected to exact concentrations of sulphur dioxide since this pollutant is no longer the determining factor (see above). The same trees sampled for LDV method were surveyed and all lichen species appearing on the visible part of a trunk (up to 2.5 m from the ground) were noted.
Tree selection
The growth of epiphytic lichens is influenced by several factors, such as the water holding capacity, conductivity and pH of the substratum (Hilitzer 1925; Vincent 1986 ), but many of these are difficult to determine in the field. In general, the water h. c. of the bark increases with the age of the tree, consequently older, partially degraded bark facilitates the colonisation of many lichen species (Hilitzer 1925; Barkmann 1958) . The electrolytic conductivity provides general information on the nutrient status of the bark (Barkman 1958) . The pH value of the bark varies according to the tree species and its age, as well as according to its environment (mines in proximity, traffic, etc., Wirth 1991; Kirschbaum & Wirth 1997) . For these reasons, it is advisable to select only one tree species; if this is not feasible, species with similar bark properties should be chosen (VDI 1995; Asta et al. 2002) .
During fieldwork, the most widespread tree species such as oak (Quercus petraea, Q. pubescens), ash (Fraxinus excelsior) and apple tree (Malus communis) were preferred. Ash and apple tree have naturally higher pH than oak, and this could positively influence the growth of nitrophyte lichen species, but it was impossible to sample only one tree species due to the nature of the landscape. Therefore also other tree species, (Acer, Prunus, Pyrus), were sporadically sampled. The selection of two trees with acid and two trees with neutral/basic bark was preferred in sampling plots. Free-standing trees with a diameter of 20 to 50 Kirschbaum & Wirth 1997; Van Herk 2002) , such as Physcia adscendens, P. tenella and Phaeophyscia orbicularis, which were found on more than 65% of the sampled trees. Nitrophytic species were often recorded on trees with acid bark (Quercus, Prunus) suggesting that the region suffers of eutrophication (Van Herk 2002) . The most employed tree species were Fraxinus excelsior, Malus domestica and Quercus sp. These tree species did not differ in LD values (one-way ANOVA, F = 2.86, p = 0.55).
If the frequency of each quadrate square of sampled tree is taken into consideration (20 squares per tree), the most widespread species are Phaeophyscia orbicularis (43% of quadrate squares) and Physcia tenella (35% of quadrate squares). According to Olech (1998) , these species belong to the apophytes accompanying anthropogenically disturbed ecosystems.
LDV procedures also allow making comparisons, based on the sums of frequencies of lichen species, of the influencing factors, such as exposure, obtained at the four cardinal points. This hypothesis was tested using general linear models (GLM) ANOVA with repeated measured design (for the aspect of a tree). The results show that cardinal exposure is an important factor for the growth of epiphytic lichens (F = 7.201; p < 0.001; α = 0.05) in a central European temperate zone. An additional Tukey-Cramer Multiple Comparison test showed that the sums of frequencies on the west differed significantly from those on the east, and this could be explained by the prevailing western wind (and also precipitation).
Detection of environmental stress
The LDV method was performed in only 38 squares due to an insufficient number of suitable trees in the remaining five tested squares. Measured LDVs varied from 18 to 65. The LDVs were divided into 5 classes (see above) and a preliminary scale for environmental stress for the Czech Republic was elaborated according to recommendations in Asta et al. (2002) (Table 2,  Fig. 1) .
Very high environmental stress (LDV = 18) was detected in only one plot, which includes the centre of one of the largest villages where fossil fuels are used for heating. High environmental stress was detected in 23% of the studied area. Close to other villages and in some agricultural field ecosystems. Moderate environmental stress was found in most of the region (51% of the studied area). Most arable land ecosystems, the densely populated valley of the river, and locations close to the town were found to fit this class. A low environmental stress was detected in 8 plots (21% of the studied area). This class is restricted only to the hills in the central forested part and included the regionally rare species mentioned above. No category of very low environmental stress was detected in the studied area.
Employing the adapted scale of Hawksworth & Rose (1970) , zones 4-7 were detected in the study area as shown in Figure 2 . These zones are characterised as rather polluted (4,5) and moderate (6) to relatively clean zones (7) (Belandria & Asta 1986; Liška 1997) . Zone 4 was detected especially close to town and vil-lages. Zone 5 appears in almost half of the area (47%). Zone 6 was detected in only 1 plot. Zone 7, the least spoiled zone in the study area, was detected in several plots (16%) on hills in the central forested part.
It is commonly expected that an epiphytic lichen flora needs about ten years to adapt to corresponding pollution levels consequent upon atmospheric amelioration (Rose & Hawksworth 1981; Showman 1981; Belandria & Asta 1986 ). Consequently, it is possible to compare the results with concentrations of sulphur dioxide detected in the region in early 1990s (cf. levels delimited in scales of Hawksworth & Rose 1970) . These levels were overestimated ca 2-fold compared to values measured in meteorological stations, as explained by recent analyses of the complex nature of pollution when sulphur dioxide does not have a predominant role as in 1970s and 1980s (Belandria & Asta 1986; Richardsson 1988; Van Dobben 1996) . During the fieldwork, it was necessary in some cases to use both scales for eutrophicated and non-eutrophicated bark, since lichen assemblages are usually altered by pollution (especially) eutrophication therefore nitrophytic and neutrophytic species occur in primary acid bark and poor in nutriments and vice versa.
Discussion
Comparison of methods used According to the LDV method, the studied area is rather polluted, with medium environmental alterations. High environmental stress was detected in residential areas and their environs, where intensive agriculture and the burning of fossil fuels are practised. Low LDVs were also recorded near busy roads and industrial plants (limestone quarries). Higher lichen diversity was observed in the forested part of the studied area.
Application of the adapted Hawksworth & Rose (1970) method showed similar results. Zones 4 and 5 were the most frequently found, indicating that the studied area is rather polluted. As for LDV, the least spoiled zones were detected in the forested central part of the area and polluted zones appeared near Beroun and municipalities.
Statistical tests revealed a close correlation between LDV results and those of the modified Hawksworth & Rose scale (Pearson correlation coefficient r = 0.728; p = 10 −6 ; α = 0.05) and also between LDV classes (see Table 2 ) and the modified Hawksworth & Rose scale (Pearson correlation coefficient r = 0.700; p = 10 −6 ; α = 0.05). The correlations between the higher values of the LDV and less polluted zones of Hawksworth & Rose and vice versa are evident when comparing their respective maps (Figs 1,2) .
Both methods demonstrated a considerable influence of geomorphology and prevailing winds. The rather polluted river valley is greatly exposed to winter temperature inversions, whereas the hills in the less polluted central forested part located at higher elevations are not affected by these factors. However, there are some discrepancies, the highest being observed in some plots in proximity of eutrophicating sources (agriculture, former limestone quarries), where LDV values were high (50-63), and the Hawksworth & Rose scale indicated medium quality (zone 5). This is due to an extreme development of nitrophytic associations such as the Buellietum punctatae and the Physcietum adscendentis (Hilitzer 1925; Barkmann 1958) , which determine high LDV values but still indicate medium purity (cf. Stringer & Stringer 1974; Dětinský 1996) .
Application of methods
The qualitative method of Hawksworth & Rose (1970) is easy to use in the field and applicable to a wide range of ecosystems. On the contrary, the LDV method has many restrictions, particularly the limited suitability of trees, including the exclusion of those with heavily eutrophicated or nitrified bark (Asta et al. 2002) , and it is often impossible to accommodate this in ecosystems subjected to intensive agriculture or the effects of heavy traffic. In central European landscapes, where suitable trees frequently appear only in the proximity of roads or municipalities, or aggregated in forests or covered by undergrowth, this is an important factor. Furthermore, the strict requirement of the same or similar bark characteristics also considerably affects the number of suitable trees in the landscape. It is evident that the LDV method is more easily applied in towns or open landscapes where more suitable trees can be found (Svoboda 2002; unpublished results) . The VDI (1995) method, which is similar to LDV, (lichen frequencies are recorded only from one section of a tree), could be more applicable in some cases.
On the other hand, the LDV method yields more accurate results, and it is recommended for areas with sufficient number of trees that satisfy the requirements (Asta et al. 2002) . LDV measurements should be taken on a maximum possible number of trees in selected plots or areas.
We can conclude that application of the new European method for monitoring environmental stress in the Czech Republic proved effective and also correlated well with the results of the adapted scale Hawksworth & Rose (1970) . However, although during fieldwork there were no application problems with the Hawksworth and Rose method, the LDV method was found to be more exigent, especially in tree selection. It is often very difficult, if not impossible, to find a sufficient number of suitable standard trees in a typical central European landscape. Furthermore, LDV values are strongly affected by many factors, such as the proximity of eutrophication sources. On the other hand, especially in urban areas, the LDV method can provide a more accurate assessment of the environmental impact, comparable not only at the local level. LDV method, as the precise method sampled in a defined tree and a defined part of trunk, is also better repeatable. The use of the LDV method is therefore suggested to detect environmental alterations in open or urban areas. 
